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The recognition of hematite grains is an intermediate task that aids the texture characterization of iron
ores. Hematite is a strongly anisotropic mineral. Thus, the combined use of a polarizer and an analyzer in
reflected light microscopy (RLM) can be used to obtain images that present sufficient contrast to differ-
entiate grains. The present work proposes a methodology for recognizing hematite grains in images
obtained with RLM. Three images per field are acquired in different conditions: without polarization in
common bright field arrangement; and with polarization under two symmetrical polarizer/analyzer
angles. These images are automatically registered. Then, the hematite grains are recognized through a
modified region growing segmentation method based on reflectance and textural information. An opti-
mal value for the polarization angle was determined. The results are promising. The vast majority of
grains was correctly recognized. The automatically segmented images were compared to edited versions
in which all crystals were correctly discriminated. A statistical comparison of crystal size and shape
showed no statistical differences, to within 99% confidence, between automatic and edited segmentation

results.

© 2011 Elsevier Ltd. All rights reserved.

Introduction

The traditional trading of iron ores is based on chemical speci-
fications and particle size distribution. However, recent character-
ization studies that bring additional information have become
important. In fact, porosity, quantitative mineralogy, and texture
analysis can contribute to the determination of the iron ores down-
stream beneficiation operations and subsequent steelmaking pro-
cess, allowing improvements on both new and existing processes
(Vieira et al., 2003; Santos and Brandao, 2005).

It is worth mentioning that the term texture may have different
meanings. In Materials Science, texture refers to the distribution of
crystallographic orientations of crystallites within polycrystalline
materials. On the other hand, in Mineral Technology, texture is
sometimes employed as a synonym of fabric to refer to the spatial
distribution of different minerals in ore particles or in a rock. In this
paper, texture is used in a broad sense. It refers to the spatial dis-
tribution of grains within a mineral and to the spatial distribution
of different minerals within particles.

Qualitative characterization of iron ores is typically performed
by visual examination under the reflected light microscope

* Corresponding author. Tel.: +55 21 3865 7266; fax: +55 21 2290 4286.
E-mail addresses: julioc.alvarez@gmail.com (J.C.A. Iglesias), ogomes@gmail.com
(0.F.M. Gomes), sidnei@puc-rio.br (S. Paciornik).

0892-6875/$ - see front matter © 2011 Elsevier Ltd. All rights reserved.
doi:10.1016/j.mineng.2011.04.015

(RLM). The most common iron-bearing minerals (hematite, mag-
netite and goethite) can be visually identified on RLM through their
distinct reflectances (Criddle and Stanley, 1993).

Automatic image analysis systems are capable of identifying
hematite, magnetite and goethite by their colors on suitable RLM
images. In recent years some methodologies (Pirard and Lebichot,
2004; Donskoi et al., 2007; Gomes and Paciornik, 2008a,b) were
developed to perform mineralogical characterization of iron ores
through image analysis systems.

Practically the majority of Brazilian iron ores are of the hematite
prevailing type. These ores have a simple mineralogy, generally
involving hematite, magnetite, goethite and some gangue miner-
als, mainly quartz. Nevertheless, they present very diverse micro-
structures. Different characters of hematite grains, such as
lamellar, granular and recrystallized, are found.

Hematite is a strongly anisotropic mineral. It presents bireflec-
tance (Criddle and Stanley, 1993), i.e. its reflectance and conse-
quently its brightness in images changes with different crystal
lattice orientations under plane polarized light. This brightness
variation is subtle, but it is perceptible to a trained human eye in
the RLM.

On the other hand, the combined use of a polarizer and an
analyzer in the RLM promotes brightness and color variations
due to anisotropy (Gribble and Hall, 1992). This approach can
be used to obtain images that present sufficient contrast to


DBD
PUC-Rio - Certificação Digital Nº 0821603/CA


PUC-RIo - Certificacdo Digital N° 0821603/CA

131

J.CA. Iglesias et al./Minerals Engineering 24 (2011) 1264-1270 1265

differentiate grains. Pirard et al. (2007) developed an image pro-
cessing methodology to detect hematite grain boundaries in
which a set of seven images per field is acquired rotating the
polarizer by short steps.

The present paper proposes a new approach to perform auto-
matic recognition of hematite grains in images obtained with the
RLM. Both polarized and traditional bright field images are com-
bined in an image acquisition, processing and analysis routine that
allows discriminating hematite from other phases and detecting
the boundaries between hematite crystals. Several polarizer/ana-
lyzer setups were tested and optimal discrimination conditions
were identified. The count, size and shape of the detected crystals
was then automatically obtained and compared to results from
manual discrimination for accuracy check.

2. Methodology
2.1. Image acquisition

A motorized and computer controlled RLM with a digital cam-
era (RGB, 24 bits, 1300 x 1030 pixels) was employed to acquire
images from polished cross-sections of iron ore samples. Five dif-
ferent fields were selected for their content of hematite regions.

Three images per field were acquired:

- A bright field (BF) RGB mineralogical image obtained without
polarized light (Fig. 1a).

- Two polarized light RGB images for which the exit analyzer was
kept fixed and the entry polarizer was rotated to two symmet-
rical positions close to the extinction condition (crossed Nicols).
These images will be referred to as POL + 0 and POL — 0, where 0
is the rotation angle from extinction. Fig. 1b and c.

As crystal discrimination depends on the contrast between
adjacent crystals, it also depends on the angle 6. Thus, five values
of 0 (£5°, £10°, £15°, £20°, £30°) were tested, and the results com-
pared to search for an optimal value. Non symmetrical angular im-
age pairs were also tested.

2.2. Image processing and analysis

2.2.1. Pre-processing

During image acquisition a displacement between BF and
POL + 0/POL — 0 images was detected. It probably occurs because
polarizer/analyzer are mounted slightly oblique to the optical axis
to avoid spurious reflections in the microscope. Although small, in
the order of one pixel in the x and y directions, this misalignment
created fake crystal boundaries. Thus, before any further process-
ing, each triad of images was registered by an automatic routine

through the traditional cross-correlation approach (Zitova and
Flusser, 2003). The displacement increased with the angle 0, but
was always automatically corrected by the routine.

2.2.2. Segmentation

The aim of segmentation is to distinguish the relevant compo-
nents of the image. In the present case, these components are
the individual hematite crystals. However, to reach this goal a no-
vel approach was developed, comprising several steps.

1. Segmentation of hematite regions: The segmentation of hematite
was carried out through intensity thresholding of the BF image.
As hematite is much brighter than the other present phases, it is
easy to select an intensity threshold from the image intensity
histogram. The result is shown in Fig. 2a. The hematite binary
image thereby obtained constitutes a mask that was used in
the following image processing steps to remove any pixel out-
side the hematite phase.

2. Coarse segmentation of hematite grains: In this step a first detec-
tion of grain boundaries was attempted, to be refined later. The
classical Canny (1986) edge detection method was applied indi-
vidually to the lightness component of each POL image, and the
obtained binary images were combined through the logical
operation “or”. The resulting edge image was then subtracted
from the hematite image from step 1. The main limitation, at
this point, was that the detected edges were many times incom-
plete and did not form closed boundaries around crystals.
Moreover, edges between adjacent crystals with similar color
were not always detected.

3. Super-segmentation of hematite grains: To complete missing or
broken edges, a binary watershed technique was applied to
the coarse segmented image from step 2. The inverted Euclid-
ean Distance Transform was employed to process this image,
and then the watershed segmentation (Beucher and Lantuéjoul,
1979) was applied. This procedure actually lead to a binary
image in which the grains were separated, but many of them
were strongly fragmented. The use of Euclidean Distance Trans-
form in a binary watershed procedure can promote over-seg-
mentation (Chen et al., 2004), which is desirable in the
present case. See Fig. 2b.

4. Generation of grain seeds: Each grain fragment from the previous
step went through an ultimate erosion (Serra, 1982) and was
thus reduced to a single pixel seed. See Fig. 2c. These seeds were
then used in a sequence of grain growing and merging,
described in the following.

5. Grain growing and merging: A modified region growing method
(Gomes et al., 2010) was applied to the seed image so that each
seed grew back to a crystal. Because the seeds came from a
super-segmented image, there must be a way to merge growing

Fig. 1. (a) Bright field image; (b) polarization image 1 - polarizer angle = +10°; (c) polarization image 2 - polarizer angle = —10°.
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g. 2. (a) Discrimination of hematite regions; (b) super-segmentation of hematite grains; (c) grain seeds; (d) color coded reconstructed grains; (e) detected boundaries
perimposed on POL image. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

regions that actually belonged to the same crystal. This was
done combining the position information from the seeds image
with the reflectance information from the pair of POL images. A
typical result is shown color coded in Fig. 2d. The resulting
reconstructed boundaries are shown in Fig. 2e, superimposed
onto one of the POL images. As this step is the core of the crystal
discrimination algorithm, it is described in detail in the follow-
ing section.

2.3. Modified region growing algorithm

The region growing algorithm employed in this paper is quite
different from the classical method of Adams and Bischof (1994).
It is fed by both POL images as well and by the seeds image. A pixel
connected to a grain is considered as belonging to it if its
maximum Euclidean distance in RGB space from the corresponding
seed pixel in the POL images is smaller than a fixed threshold.
Specifically, a pixel p(x,y) connected to a grain g that is defined
by the seed pixel p(xg, y,) pertains to the grain g only if the follow-
ing rule is obeyed:

Ex,y) <t (1)

where ¢ is a threshold value that ranges between 0 and 1; and
d®(x,y) is the maximum Euclidean distance in RGB space between
the corresponding pixels of p(x, y) and p(x,, y,) in both POL images,
computed as

& (x,y) = Max(df(x.y), d3 (x.y)) (2)

& (x.y)
= VR(%.Y) ~ R, Yg)) + (Gi(x.Y) — Gilke,y)) + (Bilx.y) — Byl ¥,))*
3)

where i is 1 or 2, indicating POL image 1 or 2, respectively; df (x,y) is
the Euclidean distance in RGB space between the corresponding
pixels of p(x,y) and p(xg y,) in the POL image i; and R;(x,y), G;

(x,y), Bi(x,y) are the RGB values of the corresponding pixel p(x, y)
in the POL image i.

The region growing algorithm evolves finding grains automati-
cally. At first, one grain is generated from each seed. The obtained
grains are then combined through the logical operation “or”. Thus,
if two or more grains overlap, they are merged.

Table 1
Optimization data for the polarization angle 6.
Field Manual grain 0(°) Automatic grain Relative t
count count error (%)

1 189 5 138 27.0 0.027
10 183 3.2 0.032
15 174 7.9 0.035
20 168 111 0.038
30 160 15.3 0.040

2 325 5 251 22.8
10 315 3.1
15 298 8.3
20 275 154
30 269 17.2

3 290 5 184 36.6
10 271 6.6
15 262 9.7
20 250 13.8
30 227 21.7

4 325 5 232 28.6
10 308 5.2
15 257 209
20 235 27.7
30 170 47.7

5 216 5 146 324
10 205 5.1
15 192 111
20 171 20.8
30 159 26.4

If image brightness is normalized, t = 0.023 for all 6 values.
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Fig. 3. Polarized image pairs for Field 1 and 5 polarization angles.

The only parameter to adjust is the threshold t. This threshold
depends on the RGB intensities of the pixels in the POL images,
which in turn depends on the polarization angle 0. Nevertheless,
if image brightness is normalized, the parameter t can be fixed
for all 0 values.

2.2.4. Measurements, optimization and accuracy check

Since grain discrimination depends on both 0 and ¢, the result-
ing images must be compared to determine the optimal values
for these variables. For each value of 6, the best value of t was
determined by visual comparison between the segmented image
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and the original POL images. The best value of 0 was then
determined by comparing the number of grains obtained automat-
ically with the result of a manual count by a skilled operator. Grain
count by itself may be a misleading parameter, as a similar number
of grains may be obtained even without a true correspondence be-
tween manually and automatically obtained grains. But a qualita-
tive visual comparison also indicated an optimal situation for the
angle determined by crystal count.

Once the optimal values of 0 and t were determined the results
were further checked by comparing the size and shape of obtained
crystals against reference images. In the present work this was
achieved by digital editing of the segmented image by a skilled
operator while visually comparing to the original POL images. In
this process false boundaries were deleted and missing boundaries
were inserted.

The segmented and reference images were then automatically
analyzed with a routine that measured crystal count, area (A),
maximum and minimum Feret diameters (Fnax and Fpn) and As-
pect Ratio (AR = Fuin/Fimax). Particles with A < 25 pixels2 were dis-
carded to reduce the influence of noise or spurious particles. The
results were compared with the Student’s t-test with 99% confi-
dence level.

Results and discussion

Table 1 shows the optimization data for 0. For the 5 tested fields,
le optimal value was always 6 =10°, with a maximum relative
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error for grain count of 6.6%. The images shown in Figs. 1 and 2
correspond to Field 1 with 0 =10°. The values of the threshold t
for this field and the 5 polarization angles are also shown in Table
1. For the sake of visual comparison, Fig. 3 shows the 5 POL image
pairs for Field 1.

During optimization it was also determined that non-symmet-
rical values of 6, or even two values of 6 on the same side of the
extinction point, led to worse results. It has occurred because the
modified region growing method was designed regarding
symmetrical angles. In practice, if non-symmetrical angles were
employed, only the angle that leads to a greater image contrast
was considered due to the maximization function (Eq. (2))
applied.

The best resulting images (0 =10°) were then edited as de-
scribed above. The comparison data is shown in Table 2. For each
field and each measurement parameter the minimum, maximum
and mean values were obtained. Even though differences can be
found between the automatically segmented and edited images,
overall the results are very similar. From a statistical standpoint,
there are no significant differences within a 99% confidence inter-
val (99% CI), except for Fy;, in Field 4, and Aspect Ratio in Field 5.

The origin of these discrepancies can be traced back to speci-
men preparation defects. In Field 4 a scratch caused grain fragmen-
tation in the automatically segmented image. During manual
editing, this scratch was eliminated and grain fragments were
merged. See Fig. 4. Fig. 5 shows the F,,;, distribution for segmented
and edited images for Fields 1 and 4. While for Field 1 both distri-

ble 2

imparison between automatic and manually edited segmentation results.

Field Parameter Min Max Mean # (99% CI)

Auto Edit Auto Edit Auto Edit

1 Area (um?) 8.35 7.23 7270.84 7272.78 517.22 517.06 No
Frax (Um) 4.5 4.54 207.88 207.88 32.23 33.12 No
Finin(pm) 3.04 2.64 73.49 73.49 17.51 17.82 No
AR 0.24 0.24 0.90 0.89 0.60 0.58 No

2 Area (um?) 8.9 8.35 83715.34 83715.34 1724.04 1700.36 No
Finax (Lm) 4.54 4.5 430.27 430.27 53.68 54.44 No
Finin(pm) 2.81 2.64 272.19 272.19 28.69 28.99 No
AR 0.15 0.09 0.92 0.92 0.58 0.57 No

3 Area (um?) 7.23 20.59 63545.94 63594.35 1838.47 2022.52 No
Finax (m) 4.02 6.52 502.07 393,51 54.30 62.55 No
Finin(ptm) 2.64 4.75 240.37 24037 26.97 30.30 No
AR 0.18 0.19 0.89 0.89 0.56 0.55 No

4 Area (um?) 7.79 22.82 39351.28 37895.72 1309.13 1561.48 No
Fmax (pum) 4.25 7.45 457.07 451.91 44.82 54.19 No
Finin(ptm) 2.64 4.75 143.12 143.12 24.97 30.19 Yes
AR 0.19 0.21 0.94 0.94 0.60 0.60 No

5 Area (um?) 7.51 11.69 19340.48 18494.3 1408.73 1680.78 No
Finax (m) 3.84 5.97 295.76 290.96 47.26 58.01 No
Finin(ptm) 2.64 2.18 154.56 184.1 23.31 27.78 No
AR 0.23 0.12 0.87 0.88 0.57 0.52 Yes

Auto - result from automatic segmentation. Edit - result from manually edited images. # (99% CI) - statistical difference between Auto and Edit with 99% confidence interval.

Fig. 4. (a) A small part of Field 4 showing a scratch; (b) result of automatic segmentation; (c) after manual editing.
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Fig. 5. Minimum caliper distribution for Fields 1 (left) and 4 (right) obtained from edited (top) and automatically segmented (bottom) images.

butions are very similar, for Field 4 there is a larger number of
smaller objects. For this parameter, these differences affect the dis-
tribution significantly.

Even though not shown here, in Field 5 there were many false
small grains created by the automatic segmentation at the outer
edges of the hematite regions. This can be explained by contrast
variations due to residual relief from specimen preparation, that
is stronger exactly in the boundary between hematite and the
mounting resin used.

It is important to mention that a one to one comparison be-
tween grains in segmented and edited images is not possible.
Not only the number of grains is different, as discussed above,
but the numbering sequence is also different as this is defined
automatically by the image analysis routine when scanning the
binary images to detect the grains.

4. Conclusions

A novel method for automatic discrimination of crystals
employing polarized RLM was developed.

The method employs traditional image processing operations
and proposes an optimized reflectance distance classifier to control
region growing from automatically obtained seeds. It is worth
mentioning that the proposed region growing procedure is very ro-
bust and is able to deal with the excessive number of seeds derived
from the watershed segmentation.

The results are promising. The vast majority of grains were cor-
rectly identified. Even adjacent crystals with similar colors were
discriminated. The method is essentially automatic once the
images have been captured with an optimal polarization angle,

which was found to be close to 10° for the tested samples. The only
adjustable parameter is t, which controls the sensitivity of pixel
Euclidean distance in RGB space.

However, some limitations must be pointed out. Given its
discrimination capability, the method is also sensitive to prob-
lems in sample surface due to specimen preparation, such as
scratches or relief. This only highlights the well-known require-
ment of excellent specimen preparation to allow automatic image
analysis.

It is also important to mention that the image acquisition step
may be labor intensive, as it requires three images per field (sam-
ple location), and tens to hundreds of fields are normally required
to provide a representative sampling of the material. Although field
scanning is motorized and computer controlled in the used micro-
scope, polarizer rotation is manual. A filter wheel can be employed
to provide polarizers in pre-defined angles. In fact, this arrange-
ment can be useful for expert systems, but it is not a generic solu-
tion. As future work, the authors intend to motorize the polarizer
rotation procedure.

Its application to hematite crystals in iron ore is a relevant step
in ore quality control and opens the possibility of crystal size mea-
surement and more sophisticated crystal morphology identifica-
tion, which is currently under development. The goal is to choose
shape parameters that allow the separation of hematite grains into
pre-defined classes (lamellar, granular, recrystallized, etc.) identi-
fied by a skilled operator. Once a large number of grains has been
measured and visually classified, this data can be used as a training
set for a statistical classifier that will automatically identify the
correct hematite class for both individual crystals and groups of
crystals.
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